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ABSTRACT 

Al t i tude  va r i a t ions  of d i f f e ren t  types of pos i t i ve  ions i n  the  ionosphere 
obtained from rocket-borne experiments, have supplemented the  co l l ec t ive  in-  
formation of ions obtained from ground-based experiments and have given ad- 
d i t i o n a l  information of t he  ionized layers  of t he  upper atmosphere. 
o ther  conclusions it i s  shown t h a t ,  whereas f o r  0' and NZ, photoionization i s  
important,greater numbers of 02 and NO+ ions a r e  c rea ted  by charge exchange 
or ion-atom interchange reac t ions  from ions o r i g i n a l l y  produced by s o l a r  rays .  
This conclusion i s  confirmed by the  observed low d e n s i t i e s  of O+ and @ ions 
a t  n ight .  It i s  proposed t h a t  t h e  conclusion can be s e t t l e d  conclusively by 
noting the  va r i a t ion  of pos i t i ve  ion d e n s i t i e s  during a f l a r e  o r  a t  an e c l i p s e ,  

Among 

+ 

Analysis of t he  da ta  shows t h a t  a t  each l e v e l  between 100 and 280 km the  
t o t a l  r a t e  of production of d i f f e ren t  types of pos i t i ve  ions by s o l a r  rays  i s  
approximately equal t o  t h e i r  t o t a l  l o s s  r a t e .  Since the  l i f e t imes  of ions a r e  
small, the  s teady s t a t e  i s  reached within a shor t  time when the  divergence 
term becomes near ly  equal t o  zero. 

To understand t h e  o v e r a l l  loss r a t e s  of pos i t i ve  ions i n  the  ionosphere, 
t he  e f f e c t i v e  recombination coef f ic ien t  of pos i t i ve  ions with e lec t rons  i s  de- 
f ined  i n  l i n e  with the e f f e c t i v e  e lec t ron  recombination coe f f i c i en t ,  and i t s  
values for various types of recombinations a r e  given. 

i x  



1. INTRODUCTION 

For understanding the ionized layers  of t h e  upper atmosphere, one should 
consider t h e  production of e lec t rons ,  t h e i r  loss and movements (d i f fus ion  and/ 
o r  d r i f t ) .  
knowledge of e lec t ron  dens i ty  as a funct ion of height .  To have a de ta i l ed  
understanding of these  layers ,  one should know i n  add i t ion  t o  t h e  e lec t ron  
dens i ty  d i s t r ibu t ion ,  t he  a l t i t u d e  var ia t ion  of each cons t i tuent  pos i t i ve  ion  
densi ty .  
trometers and d ispers ive  Doppler radio propagation experiments. It has sup- 
plemented t h e  co l l ec t ive  information of ions obtained from ground-'based ex- 
periments and has enabled one t o  obtain addi t iona l  information of the  ionos- 
phere. 

A f i r s t  requirement f o r  the formulation of t h e i r  theory i s  a 

The l a t t e r  information i s  now ava i l ab le  from rocket-borne mass spec- 

A problem of considerable s ignif icance i s  t o  f i n d  out which of the  posi-  
t i v e  ions  present  i n  the  ionosphere i s  produced d i r e c t l y  by s o l a r  rays  and 
which ones by charge exchange or ion-atom interchange with neu t r a l  p a r t i c l e s  
from ions  o r i g i n a l l y  produced by so lar  rays (corpuscular ion iz ing  influence 
i s  s m a l l  except a t  high a l t i t u d e s  o r  during periods of s o l a r  a c t i v i t y ) .  
quest ion can be answered by determining the  densi ty  of pos i t i ve  ions i n  the  
absence of s o l a r  rays.  For example, if they are produced by EUV and X-rays 
emanated from the  sun, t h e  ion  dens i ty  would then  vary d i r e c t l y  with so l a r  
rays,  i . e . ,  with t h e  11-year s o l a r  cycle, t he  zeni th  angle and solar condi- 
t i o n s .  Observations of the  change of pos i t i ve  ion  dens i ty  with the  sun 's  
pos i t ion ,  namely, t he  rap id  dens i ty  decrease a t  night ,  would therefore  con- 
f i r m  t h e i r  production by s o l a r  photons. Doubtless t h i s  i s sue  can be s e t t l e d  
conclusively by noting the  increase of the  pos i t i ve  ion  dens i ty  during a 
f l a r e ,  o r  from i t s  decreasing during an ec l ip se .  

The 

This and o ther  problems a r i s e  concerning t h e  ionosphere. 'Based upon the  
recent  rocket  measurements of posi t ive ion densi.ty i n  the  upper atmosphere 
and labora tory  measurements of  r a t e  coe f f i c i en t s  of r eac t ions  involving atmos- 
pheric  cons t i tuents ,  an attempt has been made t o  e luc ida te  the  c h a r a c t e r i s t i c s  
of t h e  ionosphere a t  daytime during a per iod of minimum so la r  a c t i v i t y .  

1 
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2. MASS-SPECTROMETRIC ANALYSIS OF POSITIVE IONS 

Using rocket-borne mass spectrometers and d ispers ive  Doppler radio prop- 
aga t ion  experiments during the  last  period of s o l a r  minimum a c t i v i t y ,  daytime 
a l t i t u d e  va r i a t ions  of pos i t i ve  ions* between a n  a l t i t u d e  of 100-280 km 
averaged from observations made by d i f f e ren t  i nves t iga to r s  a re  shown i n  Fig.  
1. For c e r t a i n  ions,  t o  obtain d i s t r i b u t i o n s  f o r  t he  whole a l t i t u d e  range, 
the observed curves have been extrapolated and a r e  shown by broken curves. 
These observations show t h a t  during daytime, 0' i s  the  major pos i t i ve  ion 
above 180 km and between 100-160 km, 02 and NO' ions predominate. @ i s  a 
minor ion i n  the  ionosphere (Johnson, 1966 and o t h e r s ) .  
i s  assumed t o  be the  sum of the  individual  pos i t i ve  ion d e n s i t i e s  (Fig.  1). 

The e l ec t ron  dens i ty  

The observed pos i t i ve  ion densi ty  d i s t r i b u t i o n s  a t  night  f o r  the  same 
minimum s o l a r  a c t i v i t y  period (Holmes, e t  a1 1965) a r e  a l s o  shown i n  Fig.  1. 
Note t h e  low dens i t i e s  of 0' and @ ions and the  rap id  f a l l  of 0' ions from 
230 km with t h e  decreasing a l t i t u d e  a t  n ight .  

- -', 

*Concentrations of  ions a t  s o l a r  maximum may be higher by one order  (Istomin, 
1965 ) . 

3 
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3.  PRODUCTION OF POSITIVE IONS 

PHOTOPRODUCTION OF POSITIVE IONS 

Photoproduction r a t e s  of O', 02, and NZ ions i n  the  upper atmosphere f o r  
overhead sun o'btained by Hinteregger, e t  a l .  (1965) a r e  shown i n  Figs .  2-4. 
The NO+ ion production r a t e  (Fig.  5 )  by Lyman-a (having a f l u x  of 2 . 7 ~ 1 0 ~ ~  
photons/cm2 sec outs ide the  e a r t h ' s  atmosphere ) i s  calculated* a f t e r  assuming 
the  a l t i t u d e  d i s t r i b u t i o n  of NO given by Ghosh (1966) and i t s  ion iza t ion  c ross  
sec t ion  as 2x10'18 cm2. Before ionizing NO, Lyman-a rad ia t ions  a re  p a r t i a l l y  
absorbed by 02 (absorpt ion coef f ic ien t  = 1 ~ 1 0 - ~ 0  cm2 a t  Lyman-a). The photo- 
production r a t e  of N' (Fig.  6 )  i s  obtained from t h a t  of 0' given by Hinteregger 
and the  r a t i o  of photoionizat ion cross sec t ions  of 0 and N atoms given by 
Dalgarno, e t  al.  (1960). 

-- 

-- 
The s p e c t r a l  ranges which contr ibute  s i g n i f i c a n t l y  f o r  the  production of 

ions a t  d i f f e r e n t  a l t i t u d e s  a r e  given i n  Ta'ble 1. 

Table 1 shows t h a t  as s o l a r  rays penetrate  t he  atmosphere, O', O z ,  and N+ 
ions a r e  produced s i g n i f i c a n t l y  by u t i l i z i n g  700-350A rad ia t ions .  Then, on 
penet ra t ing  deeper between 100-160 km, two s p e c t r a l  ranges,  between the  
threshold  f i r s t  ion iza t ion  wavelength and TOOA, and 300-IA a r e  mainly u t i l i z e d  
f o r  add i t iona l  production o f  these  ions.  

POSITIVE I O N  PRODUCTION BY CHARGE EXCHANGE AND ION-ATOM INTERCHANGE 

The d i s soc ia t ive  recombination, charge exchange and ion-atom interchange 
r eac t ions  involving O', 02, @, NO', and N+ ions and atmospheric gases and t h e i r  
r a t e  coe f f i c i en t s  a r e  given i n  Table 2. The a l t i t u d e  va r i a t ions  of t he  t o t a l  
r a t e  of production of ions (by photons plus  exchange of charge) and t h e i r  t o t a l  
loss r a t e  (by recombination, charge exchange o r  ion-atom interchange)  f o r  each 
ion  are shown i n  F igs .  2-6. The production and loss r a t e s  a re  ca lcu la ted  by 
using t h e  usual  formula, namely, the  r a t e  i s  equal t o  the  product of r a t e  co- 
e f f i c i e n t s  and concentrations of the  r eac t ing  p a r t i c l e s .  

T h e  photoionizat ion r a t e  at an a l t i t u d e  z i s  ca lcu la ted  by using the  well-  

n(N0 )zQN(hv ) z  

where n(NO), i s  the  concentration of NO a t  an a l t i t u d e  z ,  Q i t s  ion iza t ion  
c ros s  sec t ion  f o r  1 2 1 6 ~  and N(hv), i s  the  photon-flux f o r  overhead sun. 

known formula, namely 

5 



TABLE 1 

MAJOR RADIATIONS UTILIZED FOR PRODUCTION OF POSITIVE IONS 

Positive Ion Altitude Range (km) Spectral Range (A) 

100-2eo 310-1 
O+ 150-280 665 -435 

100-140 911-732 

N+ 

130-160 
160-280 
100-160 

100-150 
15 0 -2 80 

100-180 
160-2 80 
110-180 

310-1 
681 - 443 
1027 -765 

355-1 
659-355 

310-1 
665 -435 
852 -732 

NO' 100-280 12 16 

6 



TABU 2 

REACTIONS BETWEEN POSITIVE IONS AND ATMOSPHERIC GASES IN THE IONOSPHEFiE 

Coefficient Used f o r  Computation 
(cm3 sec-1) Posit ive Ion Reaction 

O+ o++No-.o~++N 

0++02+0+0~ 
O++NDCO+NO+ 

O++N2+NOf+N 

N: $+e+N+N 
N,$+wN~+N+ 

NO++NO 

NO++N 

N2+0+ 

@a; 
N2+d 

&+NO+N2+NO+ 

No+ N O + + ~ N + O  

~ ~~ 

4 . 6 ~ 1 0 - ~  exp(-4500/RT)(Goldan, e t  al., 1966) 
4 . 2 ~ l O - ~ ~  exp(-470 RT)(Danilov, 1966) 

4.6~10-8 exp (-4500/RT ) (Goldan, e t  al., 1966 ) 

2.6~10-7 a t  jOO°K and var ies  as 1/T (Whitten, e t  al., 1965)  
7.5xlO-11 T1/2 exp(-8500/RT)* 
5x10-7 exp (-4500/RT )- 
2.9~10-9 exp(-15!Xl/RT)(Goldan, e t  al., 1966) 

7x10-7 a t  300°K, varies as 1/T (Whitten, e t  al . ,  1965)  
4x10-9 exp (-3560/RT ) 

2x10’10 (mLitten,  e t  a l . ,  1965)- 

8 ~ l O ’ ~  (1200/T )I/ h 

1.OxlO-7 exp(-3560/RT)(Ferguson, e t  a l . ,  l965)*H 

5x10-10 

3.5~10-7 a t  300°K, varies a s  1 /T (Whitten, e t  al., 1965)  

8 x 1 0 ’ ~ ~  (Goldan, e t  al., 1966) 

~~~~~ 

*For t h i s  reaction, act ivat ion energy i s  large (Nicolet, l965b). 
“ T o  reduce the  lo s s  r a t e  of 0; ions, the  coefficient is assumed t o  have a value nearly equal 

t o  t h e  lower l imit ing value given by Goldan, e t  a l .  (1966). 
*-Contribution t o  each react ion is assumed equal. 

7 



Ions, neu t r a l  p a r t i c l e s ,  and e l ec t rons  a r e  assumed t o  be i n  thermal 
equi l ibr ium and t o  have temperatures given by C I R A ,  1965.* 

Major production and loss  reac t ions  of pos i t i ve  ions a t  d i f f e r e n t  a l t i t u d e  
ranges a r e  given i n  Table 3 .  

From t h e  production and l o s s  rates of d i f f e r e n t  types of pos i t i ve  ions,  
certai .n conclusions can be made. 

1. The above f igu res  show t h a t  photoionizat ion i s  important f o r  t he  pro- 
For 02, a l a rge  number of ions i s  produced by + duction of O * ,  NZ, and N+ ions ,  

a charge exchange o r  ion-atom interchange from 0' ions o r i g i n a l l y  c rea ted  by 
photons. NO+ ions are produced mainly by charge exchange o r  ion-atom i n t e r -  
change from 0' ions produced by s o l a r  rays o r  from 02 ions.  
i on iza t ion  po ten t i a l  of NO (9.5 e v )  and high NO* d i s soc ia t ion  energy (9.4 o r  
10,6 e v ) ,  No+ ions do not undergo charge exchange o r  ion-atom interchange 
with atmospheric gases.  

+ Owing t o  the  low 

In conformity wi th  the  above conclusion the  rocket-borne mass spectrom- 
e ters  showed low d e n s i t i e s  of O+ and @ ions a t  night  (F ig .  1). To decide 
conclusively t h a t  they a re  produced by s o l a r  rays ,  it i s  des i r ed  t o  determine 
t h e i r  dens i t i e s  during a f l a r e ,  o r  a t  an ec l ip se .  

+ 2. Unlike 02 and NO+ ions ,  NZ do not disappear mainly by d i s soc ia t ive  
recombination with e l ec t rons ,  but by f irst  forming NO+ ions through the  re- 
ac t ion  

NZ + 0 + NO+ + N 

which then undergo d i s soc ia t ive  recombfnation with e l ec t rons .  
process occurs f o r  t h e  whole a l t i t u d e  range 100-280 km, Whereas f o r  Of and 
02 ions ,  major loss processes a re  ion-atom interchange with a l l  atmospheric 
gases, N: ions r e a c t  only with 0 atoms, 

The interchange 

3. From Figs .  2-4 i t  appears t h a t ,  wi th in  the  accuracy of  t h e  coe f f i -  
c i e n t s  of reac t ions ,  f o r  each of  O+, N;, and 08 ions,  t h e  rate of production 
of ions a t  each l e v e l  of t he  a l t i t u d e  range 100-280 km nea r ly  balances t h e  
loss rate. On the o t h e r  hand, fo r  NO+ ions,  t h e  production rate i s  very much 
grea te r  than the loss rate (F ig ,  5 )  and t h e  reverse  f o r  e ions (F ig .  6 )  (un- 
less the  coe f f i c i en t s  of reac t ions  a re  changed, t h e  l o s s  r a t e s  Will not  a l t e r  
as they have been ca lcu la ted  from the  observed ion  and e l ec t ron  d e n s i t i e s ) ,  

*Actually f o r  t he  whole a l t i t u d e  range 100-280 km, they  are not  i n  thermal 
equi l ibr ium (Thomas, 1966)" However, i n  t h e  absence of accura te  information 
of the  temperature v a r i a t i o n  of r a t e  coe f f i c i en t s ,  thermal equi l ibr ium be-  
tween d i f f e ren t  p a r t i c l e s  of t h e  ionosphere has been assumed. 

8 
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TAl3IX 3 

MASOR F'RODUCTION AND LOSS REACTIONS I N  THE IONOSPEEBE 

Po s i t  ive Production Process Loss Process 
Ion Reaction Altitude (km) React ion Altitude (km) 

O+ O+hv+O++e 

N~+hv+N;+e 

03 02+hv+03+e 

0++02-.0&0 

O++ND+O;+N 

Photoproduction is O + + N ~ N O + + N  280-100 
important through- 
out 100-280 km O++NO+OZ+N 2 50-175 

o++o~+o+o~ 175-100 

Photoproduction is N=+O-~NO++N 280-100 
important through- 
out 100-280 km 

100 -160 

160-190 

160 -2 80 

280-193 

02++e-+O+o 280-220 and 
120-100 

O$+NWNO++o2 280-130 

O$+N2+NO++NO 280-100 

O$+WNO++O 280-100 

NO++e-tN+O 280-100 

280-120 

220-180 

Photoproduct ion is Og+N 280-100 
important through- N + + 0 8  
out 100-280 km * NO++O 

Note: Owing t o  the uncertainties i n  the value of the cross section f o r  N2+hvN+Nf+e, 
the  reactioh i s  not considered (McElroy, 1967). 

9 



*Note t h a t  for  N S  and NO+ ions,  t he  l i f e t i m e s  
100-280 km a l t i t u d e  range. 

10 

+ The inequa l i ty  between these  r a t e s  f o r  N ions cannot be resolved by pos tu la t ing  
a new source of ion iza t ion ,  f o r  example, high-energy p a r t i c l e s  from the  sun 'be-  
cause it i s  hardly possible  t h a t  these p a r t i c l e s  w i l l  ionize N atoms alone, 
but not NO molecules having lower ion iza t ion  po ten t i a l .  

4. Calculations show t h a t  a t  each l e v e l  i n  t h e  a l t i t u d e  range 100-280 km, 
the  t o t a l  r a t e  of production of pos i t i ve  ions by s o l a r  rays  i s  approximately 
equal t o  t h e i r  t o t a l  loss r a t e  (Fig.  7 ) ,  which i s  ca r r i ed  i n  the  f ina l  Stage 
by d issoc ia t ive  recombinations. Therefore 

Ql[Oln(hv,) + & [ N ~ ] n ( h v 2 )  + Q3[021n(hv3) + Q4[NO]n(hv4) + Q5[N]n(hv5) 

where Q ' s  a r e  ion iza t ion  cross  sec t ions  by photons of f requencies  v ' s  and 
~ D ' S  a r e  d issoc ia t ive  recombination coe f f i c i en t s  of molecular ions with e l ec -  
t rons . 

Since the  l i f e t imes  of ions a r e  small (Table 4),* t he  s teady s t a t e  i s  
quickly reached. Using the cont inui ty  equation, we have then 

where qi and Li a r e  the production and l o s s  rates of pos i t i ve  ions of dens i ty  
ni and having v e r t i c a l  ve loc i ty  w i .  
divergence term i s  approximately zero. 

+ Since Gi i s  near ly  equal t o  ai t h e  

*Note t h a t  for  N S  and NO+ ions,  t he  l i f e t i m e s  
100-280 km a l t i t u d e  range. 

10 
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TABLE 4 

LIFETIMES OF DIFFERENT POSITIVE IONS I N  THE IONOSPHERE 

Lifetimes ( s e e )  of Pos i t i ve  Ions 
Al t i tude  

(W O+ 02 N+ N: NO' 

100 

110 

120 

130 

140 

150 

160 

170 

180 

1%) 

200 

220 

2 40 

250 

260 

280 

5.0x10-1 

5.0~10-1 

7. 4X10m1 

1.9~10~ 

4.7x100 

8. 9xlOo 

1. 5x101 

2.2x101 

3.lXlOl 

4.6~10~ 

6.6~10~ 

1.3~102 

2. 4x102 

3. 5x102 

5. 1x102 

1.4~103 

3.8~10~ 

1.9~101 

2.2x101 

1. 4x101 

6.9~10~ 

5.5~100 

4.5~10' 

4.2~10~ 

3.8~10~ 

3.7x100 

4.0xlOO 

7.2~10' 

1.0xlO~ 

1.lXlOl 

1. 2X1O1 

1.2x101 

1 a 0x100 

1. O x l O O  

1. oxloo 

1.OX100 

1.OxlOO 

1.Oxloo 

9.7~10-~ 

1. OxlOO 

i.3x1OO 

2. lXlO0 

3. 4xlOo 

7.8~18 

2.lxl01 

3.3Xlo' 

5. l X l O 1  

1.2x102 

4.5~10' 

2.6~10~ 

3.8~101 

8.2~10~ 

8. 7x101 

9" 5x101 

9. 3x101 

8.6~10~ 

7.6~10~ 

6.6~10~ 

5. 4x101 

4. 4x101 

3.8~10~ 

3. 7x101 

4. 4x101 

7. 5x101 
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4. EFFECTIVE RECOMBINATION COEFFICIENT OF POSITIVE IONS 

Before considering the e f fec t ive  recornbination coe f f i c i en t  of pos i t i ve  
ions,  l e t  us f i r s t  consider it f o r  f r ee  e lec t rons .  
various processes, namely, by simple recombination with pos i t i ve  ions,  t he  
so-cal led r ad ia t ive  recombination, o r  by a complicated process f o r  example, 
by attachment to neu t r a l  atoms t o  form negative ions and then t h e i r  subse- 
quent l o s s  by ion ic  recombination with pos i t i ve  ions .  However, whatever be 
the  process of recombination, t he  e lec t ron  decay can be wr i t t en  as i f  t h e  ne t  
e f f e c t  i s  a simple recombination w i t h  pos i t i ve  ions (Mitra,  1952)0 
words 

They may be l o s t  by 

I n  o ther  

where q+ff and aeff a r e  e f f e c t i v e  production r a t e  and e f f e c t i v e  recombination 
coe f f i c i en t  of e lec t rons ,  respect ively.  Assuming t h a t  t h e  t o t a l  pos i t i ve  ion 
dens i ty ,  &;, i s  equal t o  the  e lec t ron  densi ty ,  %, we have 

For pos i t i ve  ions a l so ,  ins tead  of a simple recombination with e l ec t rons ,  
the  process of t h e i r  loss can be qui te  complicated. 
exchange o r  ion-atom interchange with neu t r a l  molecular gas t o  form molecular 
ions,  which a r e  then  l o s t  by d issoc ia t ive  recombination with e l ec t rons .  Like 
f r e e  e lec t rons ,  one can consider t ha t  t h e  net loss of a pa r t i cu la r  type of 
pos i t i ve  ions of dens i ty ,  ni, i s  a simple recombination with e lec t rons ,  namely 

- 
They may undergo charge 

-I- 

+ 
dni  
d t  
- -  - Gff - a:ffnTne 

where Gff and ai 
t i o n  coe f f i c i en t  of t he  pos i t ive  ions of t he  i t h  type.  
c i e n t  which the pos i t i ve  ion  of t he  i t h  type should have i n  order  t o  produce 
t h e  a c t u a l  l o s s  r a t e  assuming t h a t  it disappears by a simple recombination 
process with e lec t rons ,  
t he  e f f e c t i v e  recombinatjon coef f ic ien t  of a p a r t i c u l a r  type of pos i t ive  ion 
may d i f f e r  i n  d i f f e r e n t  ionized layers .  Like e l ec t rons ,  the e f f ec t ive  r e -  
combination coe f f i c i en t  of pos i t i ve  ions gives t h e  o v e r a l l  recombination with 
e l e c t r o n s  and a comparison of t h e i r  values showsthe r e l a t i v e  e f f i c i ency  of 
d i f f e r e n t  types of pos i t i ve  ions i n  disappearing i n  the  ionosphere. 

a r e  t h e  e f f ec t ive  production r a t e  and e f f e c t i v e  recombina- e f f  ai i s  the  c o e f f i -  eff 

Therefore depending upon the  condi t ion of t he  layer ,  



A s  a n  example, l e t  us f i n d  from t h e  above de f in i t i ons ,  the  e f f e c t i v e  r e -  
combination coe f f i c i en t s  of both e lec t rons  and pos i t i ve  ions which recombine 
by t h e  following processes, namely t h a t ,  i n  add i t ion  t o  r a d i a t i v e  recombina- 
t i o n  with electrons,  pos i t i ve  ions undergo ion ic  recombination, i . e . ,  t h e  
e l ec t rons  a r e  a t  f i r s t  a t tached  t o  neu t r a l  gas p a r t i c l e s  t o  form negative 
ions,  which then recombine with pos i t i ve  ions ( the  negative ions may be l o s t  
by photodetachment o r  c o l l i s i o n a l  detachment ). 

The r a t e  of dens i ty  v a r i a t i o n  of a p a r t i c u l a r  type of pos i t i ve  ion i s  
given by 

where aei and aij a r e  r a d i a t i v e  and ion ic  recornbination coe f f i c i en t s  of t he  
i t h  type of pos i t ive  ions.  

Therefore comparing with Eq. (2), we have 

To f i n d  the  e f f e c t i v e  recombination coe f f i c i en t  of e l ec t rons ,  consider 
t h e  time r a t e  of  v a r i a t i o n  of negative ion  and e l e c t r o n  d e n s i t i e s  which a r e  
given by 

and 

where n, pi, pi, and vi a r e  n e u t r a l  p a r t i c l e  dens i ty ,  attachment, Photodetach- 
ment coef f ic ien ts ,  r e spec t ive ly .  Adding, one ob ta ins  

= hi - Gxijninj + - neLein; - d (ne+&:) a t  
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, 
b 

Assuming 

we have 

assuming h does not vary  with t i m e .  Therefore, comparing with Eq. (l), we 
have 

&i 
s e f f  = - 

l+h 

and 

RFLATION BETWEEN TWO EFFECTIVE RECOMBINATION COEFFICIENTS 

From Eq. (2 ), we have 

If t h e  d e n s i t y  of  negative ions i s  small as i n  E and F regions,  we have from 
Eq. (1) 



Therefore 

qeff = Xff 

Table 5 gives  t h e  expressions of t h e  e f f e c t i v e  e l ec t ron  recombination coef f ic -  
i e n t s  and e f f ec t ive  pos i t i ve  ion  recombinati,on coe f f i c i en t s  fo r  d i f f e r e n t  types 
of recombination processes.  

Table 6 shows t h a t  t h e  following pos i t i ve  ions have high recombination 
NZ and 0' ions i n  E layer ,  NZ,  N',, and 02 ions i n  Fl, and i n  

Note t h a t  t h e  major i ons  i n  ionized l aye r s  should have a 

+ coe f f i c i en t s :  
F2 l ayer  O2 and NZ. 
s m a l l  e f f ec t ive  recombination coe f f i c i en t  as shown i n  Table 6 (NO 
E l aye r ,  NO+ i n  F1, and 0' i n  F2 l aye r ) .  

+ 
+ and 03 i n  

The discrepancies  between the  ca lcu la ted  values  of e f f e c t i v e  recombina- 
t i o n  coe f f i c i en t s  of e lec t rons  and t h e i r  observed values ,  which may d i f f e r  by 
one order  or more (Bourdeau, e t  a l . ,  1966) may be accounted f o r  by  the  un- 
c e r t a i n t y  i n  the  values  o f ,  (1) recombination coe f f i c i en t s  and t h e i r  va r i a -  
t i o n s  with temperature, and ( 2 )  the  ion  dens i ty .  
e f f e c t i v e  recombination coe f f i c i en t s ,  t h e  flow of ions has not been con- 
s idered.  If the  ions flow i n t o  the  region where t h e  e l ec t ron  dens i ty  varia- 
t i o n  with time i s  considered, it w i l l  e f f e c t i v e l y  increase  the  e l e c t r o n  pro- 
duct ion and i f  t hey  flow out ,  t he  loss t e r m  i s  increased.  

Furthermore, while der iv ing  

16 
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TABU 6 

EFFECTIVE RECOMBINATION COEFFICIEIVT OF POSITIVE IONS AND ELECTRONS 

Effec t ive  Recombination Coeff ic ients  (cm3sec-1) of 
Alti tude Pos i t ive  Ions and Electrons 

(km) O+ 0: Jl+ @ NO+ ne 

110 1.9~10'5 5.0~10'7 9.4~10-~ 2.0~10'5 3.7~10-7 4.4~10-7 

180 1.6~10-7 1.3~10-6 3.8~10-6 6.0~10-6 6.4~10-8 3.2~10-7 

260 3.8~10-9 1.7~10-? 3.9~10-8 2.2~10-6 4.5~10-8 8.8~10-9 
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5.  DIFFUSION OF POSITIVE IONS 

The d i f fus ion  of pos i t i ve  ions through the atmosphere can be obtained 
from the  a l t i t u d e  d i s t r i b u t i o n  of t o t a l  pos i t i ve  ion dens i ty  by considering 
an e lec t ron-pos i t ive  ion  plasma moving as a minor cons t i tuent  through the  
neu t r a l  gas ( t h e  e l e c t r o s t a t i c  force between them enables the  plasma t o  move 
as a whole). Writing the  cont inui ty  equation, namely 

where 

&i - r a t e  of production of a l l  pos i t i ve  ions 

&i - r a t e  of t h e i r  l o s ses  

&: - dens i ty  of t o t a l  pos i t ive  ions having a mean d r i f t  v, 

it can be shown t h a t  ( R a t c l i f f e ,  1960) 

Neglecting the  presence of negative ions ,  

where 

w - upward component of v 

H - sca l e  height of e lectron-ion mixture 

D - ambipolar d i f fus ion  coe f f i c i en t  of ions = gx10 
16 112 

s in21  (Nawrocki, 
e t  a l . ,  1963) where n i s  the dens i ty  of 
n e u t r a l  gas, I, the  inc l ina t ion  of t he  e a r t h ’ s  magnetic f i e l d  and T ,  
t he  ion  temperature. 

n -- 



Assuming t h a t  t he  ions move v e r t i c a l l y  so t h a t  s i n  I = 1 (ac tua l ly  t h i s  
i s  t r u e  a t  magnetic po le s ) ,  d(wLT)/dz i s  calculated from the  curve r e l a t i n g  
t h e  va r i a t ion  of t o t a l  pos i t ive  ion dens i ty  with a l t i t u d e  (Fig.  1) and i s  
shown i n  Table 7. 
t u r e  of t he  curve from 250 km. It i s  t o  be seen t h a t  t he  d i f fus ion  of t h e  
pos i t ive  ions i s  very small a t  low a l t i t u d e s  and a t  270 km becomes only 1-2% 
of t h e  t o t a l  loss r a t e .  
even at the  a l t i t u d e  of F2 peak, t he  d i f fus ion  of pos i t i ve  ions i s  unimportant. 

The negative s ign a t  270 km i s  due t o  t h e  change of curva- 

Therefore, i n  agreement with Sagalyn, e t  a l .  (1963), -- 

TABLE 7 

DIFFUSION OF POSITIVE I O N S  

Al t i tude  (km)  

150 
180 
210 
2 40 
2 70 

3.2 
8.7 
2. O X l O l  
2.8~10~ 
.2.  OXlOl 
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Fig. 1. 
the  last s o l a r  minimum a c t i v i t y  period averaged from observations made 
by d i f f e r e n t  inves t iga tors .  
ions, and t he  rap id  f a l l  of 0' ions a t  230 km with decreasing a l t i t u d e  
a t  night .  

Day and night  time a l t i t u d e  va r i a t ions  of pos i t i ve  ions during 

Note t h e  lou ion d e n s i t i e s  of  0' and N z  
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Fig. 2 .  
rates o f  0' ions for 100-280 krn. 

Production (by photons and exchange processes) and loss  
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Production (by photons and exchange processes) and loss 
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N$+ NO +NO++N2 
Total Loss Rate = ( I )+ (2) 
+ (3)+ (4) + (5 )  
Photo roduction Rate 
(796i-IA) 

I I I I I 

IO IO2 IO IO 10' 
RATE (CM-' SEC-' 

Fig. 4. Photoproduction and loss r a t e s  of NZ ions foP 100-280 km. 
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Fig. 6. 
r a t e s  o f  N+ ions f o r  100-280 km. 

Production (by photons ana exchange processes)  and loss  
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Fig. 7. Total production and loss rates of a l l  posltive ions  
for 100-280 km. 
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